Purified Synechococcus glutamate-l-semialdehyde aminotransferase (GSA-AT; EC 5.4.3.8) has absorption mama characteristic of vitamin B6-containing enzymes and can be converted to the pyridoxamine 5'-phosphate or pyridoxal 5'-phosphate form by reaction with dianovalerate or dioxovalerate, respectively, suggesting that these two analogues are intermediates in the conversion of glutamate 1-semialdehyde (GSA) to 5-aminolevulinate (ALA). Values for K. and ke were calculated for GSA, diaminovalerate, ALA, and gabaculine from absorption change rates during conversion of one coenzyme form of GSA-AT to the other, upon addition of one of these compounds. The substrate specificity (k, /Km) of diaminovalerate is about 3 orders of magnitude larger than that of dioxovalerate, making the latter an unlikely intermediate in
Chlorophyll biosynthesis is regulated by reactions leading to the formation of 5-aminolevulinate (ALA) (1) . In higher plants, algae, and in a variety of photosynthetic and nonphotosynthetic bacteria, ALA is synthesized from glutamate by a series ofthree reactions including (i) activation ofglutamate by ligation to tRNA, (ii) reduction of the activated glutamate to the corresponding 1-semialdehyde, and (iii) transamination to form ALA (1) (2) (3) .
Glutamate 1-semialdehyde aminotransferase (GSA-AT; EC 5.4.3.8) is an aminomutase that catalyzes the net transfer of the C2 amino group of GSA to the C' position, yielding ALA. This enzyme was first isolated from the chloroplast stromal fraction of greening barley. It is a dimeric protein consisting of two identical subunits of 46 kDa (4, 5) . Chlamydomonas reinhardtii GSA-AT activity was found to be primarily associated with the membrane fraction, and the active form is apparently a monomer of 43 kDa (6) .
The complete nucleotide sequences encoding GSA-AT have been determined in barley (7) , Synechococcus, and Escherichia coli (8) . In addition, the sequences of hemL genes in Salmonella typhimurium, Bacillus subtilis, and E. coli also encode GSA-AT (9) (10) (11) and have an overall identity of 41%. Sequence similarity to other aminotransferases has been suggested (7, 9) .
Transaminases are perhaps the best characterized of all B6-containing enzymes (12) , and the pyridoxal 5'-phosphate (PLP) moiety is involved in covalent catalysis by Schiff base formation and subsequent tautomeric rearrangement. Both 4,5-dioxovalerate (DOVA) (13) and 4,5-diaminovalerate (DAVA) (8, 14) have been proposed to be intermediates in the enzymatic conversion of glutamate 1-semialdehyde (GSA) to ALA. Purified Synechococcus GSA-AT (15) provided the basis for the enzymatic studies described here. Bound coenzyme undergoes spectral changes, upon addition of GSA and its analogues, that are amenable to kinetic analysis. Such spectral changes are excellent reporters of molecular events occurring at the catalytic site.
MATERIALS AND METHODS
Chemicals. DL-GSA was synthesized and purified as described (16) . DOVA was a gift from Dieter Dornemann (Phillips University, Marburg, Federal Republic of Germany). ALA and DL-3-amino-2,3-dihydrobenzoic acid hydrochloride (gabaculine; GAB) were obtained from Sigma. DAVA was synthesized from allylacetic acid (Sigma) (17) .
Enzyme Assay for GSA-AT. GSA-AT activity was determined by measuring the rate of ALA synthesis. Enzyme assays were in 0.5 ml of [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (0.1 M, pH 7.0) for 3 min at 280C with various concentrations of GSA, DAVA, and DOVA as indicated. Reactions were terminated by the addition of one-fifth volume of ethylacetoacetate (100'C). After heating (100'C, 10 min), addition of one volume of Ehrlich's reagent, and centrifugation (13,000 x g, 5 min), the ALA pyrrole concentration was determined spectrophotometrically at 553 nm by using a molar extinction coefficient of 7.2 x 104 M-1cm-1 (18) .
Spectrophotometric Analyses. Spectrophotometric analyses were typically carried out at 25-280C, in 0.6-1.0 ml, at enzyme concentrations of 3-8 ,AM (calculated from the protein concentration and the molecular weight and also end-point titration with DAVA). Spectral changes were obtained with Shimadzu (UV 260) and Hewlett-Packard (HP 89512) spectrophotometers. Pseudo-first-order rate constants (kapp), at various fixed concentrations of substrate, [ tTo whom reprint requests should be addressed.
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of aspartate aminotransferase (19, 20) Proc. NatI. Acad. Sci. USA 88 (1991) GSA to ALA (8, 14) . Spectral characteristics agree with both of these alternatives and suggest that GSA-AT reacts in a manner similar to aspartate aminotransferase, by reactions (EM and EL represent the PMP and PLP forms ofthe enzyme, free and in complex with various substrates; C4 and C5 identify which amino or oxo group of DAVA and DOVA is involved.) These reactions reflect the hypothesis that GSA and ALA each donate and accept amino groups and that the putative intermediates DAVA and DOVA can donate and accept, respectively, amino groups at both their C4 and C5 positions.
Spectral Kinetics of GSA-AT with GSA. Purified GSA-AT is primarily in the PMP form, and the bound coenzyme is a chromogenic reporter that, at substrate-level concentrations, indicates molecular transitions occurring at the catalytic site. In the case of GSA-AT, spectral changes induced by substrate addition are susceptible to kinetic analysis with conventional spectrophotometric methods. When GSA is added, a decrease is observed in the putative PMP form (338 nm) of the enzyme, while a simultaneous increase is observed in the PLP form (416 nm), with an isobestic point at about 368 nm (Fig. 1A) . Such spectral changes are concentration dependent and follow pseudo-first-order kinetics (Fig. 1B) . The putative quinonoid intermediate (490 nm) (21) reaches a maximum in about 50 sec and subsequently declines.
The accumulation of the PLP form of the enzyme ( Fig. 1A ; 416 nm) was stable when subsequently passed through Sephadex G-50 (Fig. 1D ). This spectral stability is consistent with the important assumption-that absorption changes monitored in these and subsequent experiments represent molecular changes associated with various enzyme forms and not the accumulation of enzyme-substrate complexes.
Data generated with GSA and other substrates were analyzed assuming characteristics of other aminotransferases (19, 20) (E and F are PMP and PLP forms of the enzyme, respectively. P and Q are therefore amino and oxo forms of various substrates.) Dissociation constants, as defined by such minimal mechanisms, involve intramolecular reactions, in addition to the association and dissociation processes. Km = (k2 + kL1)/kl, and the value of kcat/Km obtained by steady-state methods equals k2/Km derived from spectrophotometric single turnover experiments (19) . Spectral data (Fig. 1C) were evaluated assuming these relationships, and the results are listed in Table 1 . Spectral Kinetics of GSA-AT with Other Compounds. Spectral changes of GSA-AT were observed upon addition of glutamate, a-ketoglutarate, levulinate, hydroxylamine, glu- tKi was determined by inhibition of the absorption change induced by addition of GAB to GSA-AT.
tamate-'y-monohydroxamate, DOVA, DAVA, and ALA. Ornithine, 8-aminovalerate, y-aminobuterate, and,-hydroxyglutarate did not induce spectral changes in the concentration ranges tested (around 10 mM). Since ALA is the product and DAVA and DOVA are potential intermediates in the enzymic conversion of GSA to ALA, these three compounds were analyzed in much the same way as described for GSA (Fig.  1 A-C) . The resulting kinetic parameters are presented in Table 1 .
GSA also initiates spectral changes with the PLP form of GSA-AT (Table 1 ). In contrast, ALA, even in relatively large concentrations (10 mM), does not give a detectable reaction with the PLP form (416 nm) of GSA-AT. However, ALA does complex with this enzyme form, as shown by inhibition of the absorption change induced by the addition of GAB to the PLP form of GSA-AT (Fig. 2) . Km and kmax for the uninhibited reaction (minus ALA) were used to calculate K1 for ALA, assuming rapid equilibrium (22) Effect of DAVA and DOVA on the Enzymic Synthesis of ALA from GSA. The failure of ALA to induce spectral changes with the PLP form of GSA-AT, and presumably the failure to form the putative intermediate DOVA from ALA, suggest that reaction 2b does not occur. If this is true, DOVA cannot be an intermediate in the direct conversion of GSA to ALA. However, DOVA does convert GSA-AT to the PLP form and is expected in stoichiometric amounts in the conversion of GSA-AT to the PMP form by GSA, reaction 2a (i.e., DOVA is converted to GSA and vice versa). These observations are consistent with steady-state experiments in which DAVA was shown to stimulate (2-3 fold) the enzymic conversion of GSA to ALA, whereas DOVA was inhibitory (Fig. 3) .
Effect of DAVA on GSA-Induced Spectral Kinetics of GSA-AT. The fact that DAVA stimulates the rate ofALA synthesis under steady-state conditions suggests that it might affect GSA-induced spectral changes. Indeed, addition of DAVA delayed the initial accumulation of the PLP form (418 nm) of the enzyme (data not shown). However, after a short lag (2-3 min) the enzyme was converted to the PLP form. Subsequent addition ofDAVA reversed the relative amounts of these two forms of the enzyme. Then, after a somewhat shorter lag, the PLP form of GSA-AT again increased, although at a relatively slower rate and to a lesser extent. Preincubation (300 sec, room temperature) of GSA-AT with DAVA (82 ,uM) before addition of GSA did not significantly alter these results, suggesting that the observed lag was dependent on the simultaneous presence of GSA and DAVA. ALA Synthesis During Spectral Assays. Equilibrium concentrations ofALA, synthesized during spectral assays, gave a linear relationship with initial GSA concentrations (Fig.  4A) . About one-half of DL-GSA is converted to ALA (i.e., probably the L-isomer). However, analysis of ALA content at various times during the spectrophotometric reaction revealed that ALA synthesis is essentially complete before the observed spectral change, AA418, begins (in 5 sec or less; Fig. 4B ). Addition of partially purified L-GSA (highly contaminated with NaCl) (14) to solutions of GSA-AT induced rapid transient spectral changes at 338, 416, 490, and 580 nm (Fig. 4C ). These changes were very similar to those seen with Fig. 1 . Partially purified L-GSA was prepared as described (14) . (Fig. 3) , and (iii) that DOVA is inhibitory (Fig. 3) make DOVA a very unlikely intermediate. This is in spite of the observations that DOVA is able to convert GSA-AT to the PLP form and seems to be the product in the conversion of GSA-AT to the PMP form by GSA (reaction 2a). Additional tautomeric structures with 13 aldehydes and ketones ofputative quinonoid intermediates of DOVA, inferred from the transitional spectral changes at 490 nm (Fig. 5 ) in this conversion with GSA, may result in the relatively low substrate specificity of DOVA.
The relatively rapid synthesis of ALA, in yields of about 50%6, prior to spectral changes induced by GSA, is explainable if synthesis of ALA is from L-GSA and spectral changes are from D-GSA. Transient spectral changes seen in Fig. 4C and rapid ALA synthesis from L-GSA are in agreement with this notion. The fact that D-GSA is also able to form a Schiff base and undergo subsequent tautomeric rearrangements (ketimine at 338 nm to aldimine at 416 nm) is probably because the single chiral center at C4 is not directly involved in this reaction (reaction la). However, in the second half reaction (see reaction lb), tautomeric rearrangement in- Fig. 1 A Upper) . The enzyme concentration was 6 ,4M, and the GSA concentration was 0.67 mM.
volves the a-hydrogen of C4, which is probably in a stearically unfavorable position. As a result, the PLP form of GSA-AT accumulates (Fig. 1A) . In the presence of added DL-DAVA, the enzyme remains predominantly in the PMP form. When DAVA becomes limiting, the PLP form of GSA-AT again accumulates. This cycle can be repeated several times by subsequent additions of DL-DAVA until D-GSA becomes limiting. As a consequence, increases of ALA formation beyond the initial 50%o yield can be observed. These increases are directly proportional to the amount of DAVA added. Values for Km and kmax for GSA in Table 1 then refer to the D-enantiomer. The catalytic specificity ofthe L-enantiomer is more likely to be about 100 times higher. This is in agreement with a steady-state value of kcat/Km = 1.9 X 104 M--sec-1.
Even though addition of ALA to the PLP form of the enzyme does not result in a detectable reaction (decrease in 416-nm absorbance), it does inhibit spectral changes observed upon addition of GAB to the PLP form (Fig. 2) . Ki (11 
